In plasma immersion ion implantation, the sample is negatively biased and a plasma sheath forms. Ions are accelerated to the sample surface through this sheath. The electric field contours dictate the shape of the plasma sheath that wraps around corners and tends to be smoother and rounder than the surface topography, for instance, at a sharp corner. Our theoretical and experimental studies reveal ion flux focusing effects leading to lateral nonuniformity of the incident ion dose. Ion focusing occurs not only at the sample edge but also in the central region even for a planar sample ͑wafer͒. In this work, we numerically and experimentally investigate this ion focusing effect and ion dose nonuniformity. A simple geometric model is also presented in this letter to understand the mechanism. The results demonstrate that ion focusing originates from plasma sheath convergence that is time and space dependent. Consequently, multiple ion focusing may occur at different local sites when the target shape and processing parameters vary, and a small plasma sheath relative to the target is of paramount importance for uniform implantation. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1520716͔
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Owing to the high efficiency, lower instrument cost, and smaller equipment footprint, plasma immersion ion implantation ͑PIII͒ has found niche applications in microelectronics processing such as plasma doping and silicon-on-insulator ͑SOI͒ synthesis using ion cut. 1, 2 In this process, ions are accelerated by the negative voltage applied to the silicon wafer and implanted through the plasma sheath. As a result, the plasma sheath contours crucially affect the ion trajectories and ion dose distribution along the wafer surface. In practice, in order to achieve laterally uniform implantation, the plasma sheath must be relatively thin and conformal to the object shape. However, the task can be difficult even for planar samples such as silicon wafers if the negative voltage is high, the plasma density is low, or the pulse duration is long. [3] [4] [5] Experimental and numerical investigations have been conducted to investigate the effects of the processing parameters and target shape on the sheath propagation dynamics and resultant ion-dose distributions. [5] [6] [7] [8] [9] It has been observed that the ion flux may concentrate near a convex corner or edge [6] [7] [8] [9] and can be explained on the first order using the idea of the relative plasma volume per surface ͑RPVPS͒. The RPVPS may be much higher than unity near the corner assuming that the RPVPS for an infinite planar surface is one. The plasma is more concentrated near the corner compared to that on the planar surface. Hence, a sample stage extension or guard-ring has been used to reduce the edge effect, and even though the implant uniformity can be experimentally improved, the ion focusing effects have not been investigated in details. In this work, the ion flux along the implanted surface is simulated and our results reveal ion dose peaks near the edge and particularly at the center of the wafer. The origin of the ion focusing effects is discussed and experimental results are presented to corroborate the theoretical results. Numerical simulation of the plasma sheath dynamics is conducted for a typical PIII configuration such as that exhibited in Fig. 1 . The thickness of the sample stage is 52 mm (2h) and the diameter is 152 mm (2r o ). The evolution of the ion density n i , ion velocity v i , and potential is modeled using cold, collisionless fluid ions, Boltzmann electrons, and Poisson's equation. [6] [7] 9 The normalized and dimensionaless variables used here are:
0.5 is the planar ion-matrix sheath width, v max ϭ(Ϫ2e t /m) 0.5 is the velocity that an ion would gain if it fell through a potential drop t , and pi ϭ(n 0 e 2 /m⑀ 0 ) 0.5 is the ion plasma frequency. Figure 2 displays the ion density contours of the righthand side of the sample holder. The plasma sheath evolves into a spherical shape after some time, indicated by an increase in the ratio of L y /L x in Fig. 2͑b͒ . For example, the ratio changes from 0.7 to 0.9 when increases from 5 to 100. Consequently, the exact shape does not conform to the chuck geometry. Figure 3 shows the ion dose distribution across the sample chuck for different target dimensions. Ion dose nonuniformity and the ion focusing effect are evident. In fact, the phenomenon on the edge of the wafer chuck has been observed, [6] [7] [8] [9] but that at the center of the target has not been mentioned for the target configuration used in this work. This may be because the hydrogen PIII process in the ion-cut technique is a threshold phenomenon and a lower energy ͑usually less than 50 kV͒ is frequently used to produce SOI substrates for fully depleted complementary metal oxide silicon ͑CMOS͒ devices. On the one hand, thin film transfer will be successful provided that the hydrogen ion dose exceeds a certain critical value and minor lateral nonuniformity does not affect the process significantly. On the other hand, a low a͒ Author to whom correspondence should be addressed; electronic mail: paul.chu@cityu.edu.hk APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 20 11 NOVEMBER 2002 voltage leads to the weaker ion focusing either at the edge or the center, as demonstrated in Fig. 3 . However, ion focusing into the center of the wafer can be quite serious as shown by our results and the severity of this ion focusing effect increases with higher bias voltage. As shown in Fig. 3 , more ions are implanted into the central region with decreasing equivalent target size ͑decreasing normalized r o , that is, a higher voltage, smaller plasma density, and smaller target size͒. A bigger sample chuck or the use of a guard ring extension should help. A guard ring also reduces the amount of sputtered metallic contaminants. 10 In order to corroborate our theoretical findings, particularly ion focusing into the center of the wafer, a 100 mm diameter silicon wafer was plasma implanted using a bias voltage of 50 kV and plasma density of ϳ10 9 cm Ϫ3 . The ion dose is estimated to be about 3ϫ10 16 cm Ϫ2 based on previous experiments. After PIII, the wafer was annealed at 500°C to create surface blistering. Our previous work has shown that the degree of surface blistering is a good qualitative measure of the relative hydrogen ion dose across the surface. 11 The blistering pattern in Fig. 4 shows two distinct zones with higher implant dose ͑more severe blistering͒. One is a ring between We observed similar phenomena in our previous experiments when an insulating shroud was used to cover the sample feedthrough to reduce the ion current, and it was thought that ion focusing was caused by the insulating shroud underneath the sample platen. 11 However, the simulation and experimental results reported here show that ion focusing can also occur without the insulating shroud and suggest that it can be attributed to the spherical convergence of the plasma sheath edge although the insulating shroud may also affect this convergence to a certain extent. At the beginning of the pulse, the plasma sheath is thin and conformal to the target topography. Due to the difference in the propagating velocity of the plasma sheath at different locations on the sample chuck, the plasma sheath achieves its round shape around the corner, and it is more so for a long voltage pulse duration, smaller target, and larger implantation voltage. It has previously been thought that the mushroom shape plasma sheath and resulting ion focusing only occur near the target edge where the relative plasma volume ͑RPVPS͒ is big. In the center, the plasma sheath is planar and the ion dose should be uniform. However, this is apparently not true. As a matter of fact, on account of the small RPVPS, the sheath expands faster above the center area and contributes to the spherical shape. Ion focusing in the center thus occurs, and this phenomenon has indeed been observed in grid-acceleration system in conventional ion implanters. As a result, the center of the sample chuck also receives a larger number of incident ions. A geometrical treatment may provide further insights into the phenomenon. Assuming that the ions impinging into the surface are provided and accelerated through the local sheath, ion incidence ͑dose͒ is determined by the corresponding angle of the local sheath as shown in Fig. 1 . The angle is
where l 0 is unit length, i(ϭ0,1,2,3...) is the subsequent number along the radius direction. It is evident that 0 Ͼ 1 Ͼ 2 ... . That is, the central zone possesses the largest angle ( 0 ) implying that the plasma volume providing the incident ions is biggest. In contrast, the angle at the edge is relatively small. Therefore, both numerical simulation and geometrical approximation demonstrate that if the plasma sheath is large relative to the whole target, the ion dose distribution shows the distinct pattern in Figs. 3 and 4 , that is, a center zone and ring with a higher ion dose. If the object is not planar but rather possesses an irregular shape, owing to the time and space dependent behavior of the plasma sheath, different degrees of sheath convergence and multiple ion focusing may occur depending on the local topography. Compared to a two-dimensional square target with an infinite length, a 3D target is subjected to a higher ion dose and more ion focusing, as shown in Fig. 3 . The convergence of a 2D square target originates only from a plane while the spherical volume effects occur around 3D objects.
To summarize, ion dose nonuniformity across a planar sample occurs due to ion focusing in addition to the influence of the insulating shroud around the high-voltage feedthrough under the sample chuck. The ion focusing effect that is time and space dependent is more severe at higher voltage and can potentially impact, for example, the yield of thicker SOI that must be implanted using hydrogen ions with higher energy, even though the ion-cut process is a threshold phenomenon. This ion dose nonuniformity can be reduced by placing the wafer onto a bigger sample chuck or using a guard ring extension. In this way, the ring close to the edge can be translated away from the wafer, and a bigger sample chuck reduces the spherical convergence and minimizes ion focusing towards the wafer center. Limiting the expansion of the plasma sheath by means of a shorter pulse width and higher plasma density, for instance, also helps. 
